Electron scattering in thin solid films used for the fabrication of masks for electron projection lithography, e.g., SCALPEL ® , is investigated. We have developed an analytical model to calculate electron transmission through the mask membrane and image contrast due to different scattering properties of the patterned area and the membrane. The model utilizes cross sections for electron elastic and inelastic scattering on an atom with exponentially screened Coulomb potential of the nucleus derived in the first Born approximation. The variety and controversy of theoretical and empirical adjustments of the screening parameter are briefly analyzed and attributed to the misinterpretation of experimental data ignoring the effects mostly due to plural scattering of electrons and dense packing of atoms in thin solid films. This model frees us from the computational limitations of Monte Carlo simulations and proves to be effective for the straightforward characterization of various alternative materials for SCALPEL mask membrane and scatterer. The model includes the appropriate effects of the projection optics and back-focal plane aperture.
I. INTRODUCTION
In the SCALPEL technique an image is generated utilizing different scattering properties of the patterned layer of the mask and the supporting membrane. High contrast can then be achieved using an aperture in the back-focal plane ͑BFP͒ of the first projection lens which filters out the electrons elastically scattered to large angles from the patterned area of the mask. 1 The brightness and contrast of the image generated on the wafer then is a function of the BFP aperture size and the material and thickness of both membrane and scatterer. The calculation of this function is the major goal of this article; it will enable us to analyze the possibilities for SCALPEL mask performance improvement. Note, in the current SCALPEL mask, a 275-Å-thick tungsten scatterer on top of 1500 Å SiN x membrane is normally used along with 0.5 mrad BFP aperture. 2 
II. SCATTERING AND TRANSMISSION OF ENERGETIC ELECTRONS IN THIN FILMS
Aiming for application to very thin films and 100 keV electrons, initially we assume that incident electrons experience ͑i͒ only single scattering event per electron and ͑ii͒ a negligible energy loss ͑less than 25 eV in currently used SCALPEL mask membranes͒ due to inelastic scattering that does not affect the electron velocity. The decrease dn(z) of the number of unscattered electrons, n(z), at the depth z in a compound material is equal to 3, 4 dn͑z͒/n͑z͒ϭϪ͓⌺N i ⌺i ͔dz, ͑1͒
where N i ϭN A /A i is the number of atoms per volume, ⌺i ϭ el i ϩ inel i is the sum of total cross sections of the electron elastic and inelastic scattering on an atom of ith species, is the compound density, A i is the atomic weight of the ith species of the solid material, and N A ϭ6.02 ϫ10 23 g atom Ϫ1 is Avogadro's number.
Integrating Eq. ͑1͒, one finds an exponential decrease of the number of unscattered electrons with increasing depth of the beam penetration, z:
where
is the mean free path of an electron between successive scattering events. While the energy loss of an inelastically scattered electron in a sample of several mean free path thickness causes a negligible change in ⌺ and can be ignored, multiple scattering has an increasing impact with increasing sample thickness and collection angle. In the case of film thickness comparable with ⌳ ⌺ and collection angles much smaller than the characteristic screening angle 0i ͓Eq. ͑5͔͒, the multiple scattering effect on ⌺ appears to be small and can be accounted for by adjusting the screening angle. [5] [6] [7] The cross section of electron elastic and inelastic scattering will also change depending on the bonding and packing effects present in solids. 8, 9 All of these small effects can be approximately accounted for by choosing the screening parameter that gives the best agreement with the experimental measurements of the contrast and transmission of SCALPEL masks ͑Sec. V͒.
A. Elastic scattering of fast electrons in thin films
Elastic scattering of a fast electron is caused by its interaction with the atomic nucleus. Therefore, one could expect that the bonding of atoms in compounds and solids will not significantly affect the cross section of elastic scattering. [3] [4] [5] There is theoretical and experimental evidence indicating that these effects are relatively important for small angle scattering only; 8 the change of outer-shell electronic structure due to the bonding and packing changes the screening of the nucleus of individual atoms. 9 The effect of bonding on the small angle elastic scattering is relatively small. Ionization represents an extreme form of chemical shift; it is shown 8, 10 that for atomic numbers ZϾ3, single ionization produces less than a 15% increase in scattered intensity at the small scattering angles corresponding to sϭ Ϫ1 sin(/2) Ͻ0.2, where is the electron wavelength. In the same angular range, for diatomic molecules of H 2 , N 2 , and O 2 , it is experimentally found that there is about 10%-30% reduction of elastic scattering cross section. 8, 11 An additional decrease of elastic scattering intensity in small angle range ͑less than several mrad͒ is expected due to plurality of scattering; 6 accounting for multiple scattering effect is especially important in the interpretation of experimental results obtained for thin solid samples. 12 This indicates that the usage of single atom cross sections for elastic scattering for compounds and solids is justified if one accounts for the solid effects and for plurality of scattering.
The differential cross section of an electron elastically scattered on an atom has been calculated by using various methods. Tabulated cross sections, calculated using the first Born approximation and atomic potentials derived from relativistic Hartree-Fock atomic wave functions, and the results obtained from the partial wave approach are more precise but they are derived at the expense of complicated numerical calculations and do not provide analytical dependencies.
The simplest and commonly used method of the differential cross-section calculation for the electron elastic scattering on an atom is based on the application of the first Born approximation to the quantum mechanical problem and use of an atomic exponential potential V(r)ϰ(Ze 2 /r)exp(Ϫr/R) that accounts for the screening of the bare nucleus charge, Ze, by the cloud of electrons. [3] [4] [5] 13 In Lenz's scattering theory 13 ) with a correction factor is usually used to take into account the difference between the simplified Wentzel model (ϭ1) and more sophisticated models for a free atom ͑e.g., Thomas-Fermi, Hartree-Slater, HartreeFock-Slater, etc.͒. [3] [4] [5] This approach leads to Rutherford differential cross section with screening: 3,4,13-15
where the commonly used factor Z i 2 is replaced by Z i (Z i ϩ1) to account for the scattering on atomic electrons, 3, [14] [15] [16] [17] 0i is the characteristic screening angle of the ith species:
ϭ(h/m 0 c␤␥) is the electron wavelength, m 0 is the electron rest mass, c is the light velocity in free space, ␤ϭ/c
, and E is the electron energy. Note, Rutherford cross section with screening deviates essentially from Mott cross section, which accounts for the electron spin effects, in the case of heavy atoms, ZϾ40, and extremely large collection angles (Ͼ10°) compared to BFP aperture. 4 The total elastic scattering cross section is obtained by integrating Eq. ͑4͒ over the full solid angle:
͑6͒
For light atoms, the characteristic screening angle 0i ϭ0.011Z 1/3 has a small value and el i is proportional to 0i Ϫ2 :
There is a large number of theoretical 3,14-20 and empirical 4, 21, 22 attempts of adjusting the screening angle on the basis of different suggestions and criterions. Different values, sometimes controversial, were found for the parameter 0i by different authors.
3,4,14-22 All adjustments can be grouped in two categories based on a straightforward matching of Rutherford cross section given by Eq. ͑6͒, ͑i͒ with elastic cross sections obtained from more realistic and sophisticated atomic models leading to the values in the range 0.7ϽϽ1, and ͑ii͒ with experimental cross sections obtained mostly on solid films leading to the values 1ϽϽ2. Note that el ϰ Ϫ2 ͓Eq. ͑7͔͒, therefore, the variation of in the range 0.7-2 would cause a change of el of almost an order of magnitude. Our analysis shows that the large values of Ͼ1.5 are found as a result of ignoring 21 or underestimating 22 electron inelastic and multiple scattering contributions present in the experiments and, therefore, they must be discarded from further discussion. A semiempirical expression,
͑8͒ that gives the observed Z dependency for the elastic total cross section for Z/(137␤)Ͻ1.2, would be predicted if Ϸ0.99, 0.96, 0.891, 0.832, and 0.776 for the atoms Be, C, Si, Ge, and Au, respectively. 23 This indicates that the widely used Lenz's cross section 4, 13 ͓Eq. ͑7͒ with ϭ1͔ gives the least cross section for the electron elastic scattering on an isolated atom. 8 It also shows that screening angle adjustment cannot be done independently of the atomic number. 22 Nevertheless, a value of Ϸ1.265 is commonly used by different authors 14, 20 which can be considered as an apparent compromise between controversial results and an attempt of an indirect account for the bonding effects in solids, if one recalls the scattering intensity reduction due to bonding effects 8, 11 mentioned above. The results of our measurements of SCALPEL masks contrast and transmission in a SCALPEL proof of lithography ͑SPOL͒ tool demonstrate that the best match with the results calculated using Eq. ͑7͒ can be found when changes from Ϸ1.175 for light materials to 1.27 for heavy materials. This corresponds to a decrease of the effective cross section of electron elastic scattering on an atom in solids which can be attributed to the combined effect of the adjustments for atomic potential, for plurality of scattering events, and for bonding effects in solid samples. In crystalline solids, the angular dependence of elastic scattering is altered by both Bragg reflection from atomic planes ͑dra-matically͒ and phonon scattering ͑perceptible only for heavy materials due to Z 3/2 dependency͒. 5 Therefore, the usage of an atomic model is justified only for amorphous solids when both effects are weak.
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B. Inelastic scattering of electrons in thin films
The initial direction of an electron incident on the mask membrane is changed not only because of elastic scattering on the nucleus ͑pure momentum change without the change of kinetic energy͒, but also because of the transfer of the energy to the medium through various inelastic interactions. Therefore, the total cross section ⌺ ϭ el ϩ inel has to be used to define the effective mean free path between successive scattering events. 4, 13, 15, 17 Inelastic scattering of a fast electron on an isolated atom is concentrated within much smaller angles than elastic scattering; the corresponding characteristic angle,
2 ) (⌬E is the energy transferred to an electron of the atom͒, 4 responsible for the decrease of d inel /do with increasing of , is about ten times smaller than 0i . The differential cross section d inel i /do increases with the decrease of and gets larger than d el i /do for the angles Ͻ E where d el i /doϰ 0i Ϫ2 and does not depend on . The ratio ϭ inel / el approximately follows the empirical law, 4,5 ϭ18/Z, which demonstrates that for light materials contribution of the inelastic scattering to the total cross section dominates over its elastic counterpart.
Though concentrated within a narrow angular range, the inelastic scattering ͑in the case of light atoms͒ will have a significant impact on the effective mean free path of an electron defined as follows:
where ⌳ el0-i ϭ͓N i el-i (0)͔ Ϫ1 is the mean free path for an electron elastically scattered on ith species, el-i (␣ 0 ) and inel-i (␣ 0 ) are the partial cross sections characterizing the scattering of electrons outside of the back-focal aperture angular range 0ϽϽ␣ 0 ͑see Sec. III͒. The smaller ␣ 0 and the lighter the atom, the larger the impact of inelastic scattering. Here we have introduced the function
which accounts for the change of the mean free path due to electron inelastic scattering.
Assuming a constant energy loss for an electron, ⌬E ϭJ/2, where JϷ13.5Z is the mean ionization energy of the atom, for ⌽ ⌺ (␣ 0 ), Lenz 13 has found a formula ͓Ref. 4, Eqs. ͑6͒ and ͑7͔͒ which is used to calculate the effective contrast thickness in transmission electron microscopy. 4 Lenz's expression for ⌽ ⌺ (␣ 0 ) has a singularity at ␣ 0 ϭ0 and does not adequately describe the inelastic scattering distribution for extremely small angular apertures. This singularity is the result of the constant energy loss assumption. It can be avoided by using the entire spectrum of energy loss rather than a discrete loss. 4 Here we calculate ⌽ ⌺ (␣ 0 ) using a semiempirical approximation to the inelastic scattering angular distribution applicable to light atoms and to carbon-like compounds ͑most organic materials͒; this was done by approximating the empirical energy loss function by a Lorentzian expression in the dielectric theory of plasmon losses in solids. 24 The functions ⌽ ⌺ (␣ 0 )ϭ⌳ ⌺ (␣ 0 )/⌳ 0 , corresponding to this approach, and ⌽ el (␣ 0 )ϭ⌳ el (␣ 0 )/⌳ 0 ͓⌳ 0 ϭ⌳ el (0)͔ are shown in Fig. 1 
III. ACCOUNT FOR FINITE APERTURE SIZE
Transmission through a SCALPEL mask is defined by the unscattered fraction of electrons in the first approximation only when BFP aperture finite size is ignored.
1 In reality, all electrons scattered in a cone with the apex semiangle ␣ 0 ϭarctan(r ap / f 1 ), where r ap is the back focal plane aperture radius and f 1 is the focal length of the first projection lens ͑for details see Ref. 1͒, contribute to the transmission. It is natural to assume that the effect of aperture size is described by the partial cross section of the scattering:
A comprehensive account for the limited angular aperture can be done using Everhart's single-scattering ͑ESS͒ model. 25 We denote n ␣0 (z) the number of electrons elastically scattered from the depth z inside the cone with the apex semiangle ␣ 0 . The decrease of n ␣0 (z) due to electron scattering in the layer z, zϩdz is described then as follows:
Here ϭz/R ful , R ful is the electron full range in the material, ϭ0.024Z 2 /A is the parameter of the ESS theory, and (␣ 0 ,␣ i ) is a function which characterizes the number of electrons elastically scattered outside of the aperture cone:
͑13͒
Integrating Eq. ͑12͒ from zϭ0 to zϭt m one can get the following expression for the fraction of electrons transmitted through the membrane of thickness t m :
For thin films of interest, m Ӷ1, Eq. ͑14͒ can be expanded in a series. In the approximation O( m 2 ) it represents an exponential function
which is reminiscent of Eq. ͑3͒ but with electron mean free path as a function of the aperture size:
is a function that characterizes the aperture size influence on the mean free path of electron scattering. Using the Thomson-Whiddington empirical equation 3, 25 for the electron range, R ful C T Ϸ␥ 2 c 4 ␤ 4 /, we find for the function ⌽ el (␣ 0 ) an expression which is totally defined by two parameters, by the aperture size, ␣ 0 , and by the characteristic screening angle, 0i :
One can see that for extremely small apertures, ␣ 0 Ӷ 0i , ⌽ el (␣ 0 )→1 independent of the membrane material, while for ␣ 0 у 0i , ⌽ el (␣ 0 ) depends on the membrane material ͓Fig. 1͑b͔͒. Note that the usage of the partial elastic cross section ͓Eq. ͑11͔͒ gives for the function ⌽ el (␣ 0 ) ϭ⌳ el (␣ 0 )/⌳ el0 exactly the same result as ESS theory does ͓Fig. 1͑a͔͒ indicating that the partial cross section is appropriate for thin films only when single scattering dominates over multiple counterpart. For a SCALPEL system and SiN x mask membrane (␣ 0 ϭ0.5 mrad, 0i Ϸ27 mrad͒ the function ⌽ el (␣ 0 )Ϸ1.0 which indicates that in this case the account for a finite aperture has a negligible effect on the electron effective mean free path between the elastic scattering events. Therefore, for small ␣ 0 , in a model that accounts for only elastic scattering, the transmission of electrons through the SCALPEL mask membrane can be calculated assuming that any electron, elastically scattered in a thin membrane, will be stopped by the BFP aperture. 1 Aperture finite size will affect the results for relatively large ␣ 0 ͑larger than the characteristic screening angle 0i ͒.
The finite size of the BFP aperture will apparently have noticeable impact on the results if small-angle inelastic scattering dominates over elastic scattering, e.g., in the case of light atoms ͑see Sec. II͒. This is demonstrated by the plots for the function ⌽ ⌺ (␣ 0 )ϭ⌳ ⌺ (␣ 0 )/⌳ ⌺0 in Fig. 1 . These plots also show that in the case of relatively large apertures, ␣ 0 Ͼ10 mrad, one can neglect ͑for all atoms considered͒ the impact of inelastic scattering on the electron mean free path, and, therefore, on the membrane transmission related to ⌳ ⌺ (␣ 0 ):
From Fig. 1͑b͒ one can see that the lighter the atom the larger the effect of the inelastic scattering. The impact of inelastic scattering on ⌳ ⌺ (␣ 0 ) ͓and, therefore, on the membrane transmission defined by Eq. ͑19͔͒ is significant for angular apertures much smaller than the characteristic screening angle, especially for light atoms. The ratio ⌳ ⌺ (␣ 0 )/⌳ ⌺0 , calculated for different compounds of C, Si, Al, namely for SiO 2 , SiC, Si 3 N 4 , and Al 2 O 3 ͓not shown in Fig. 1͑b͔͒ , is very close to the one shown for Si 3 N 4 which is between the values obtained for C and Si. 
IV. CONTRAST OF A SCALPEL MASK
The pattern in a SCALPEL mask is usually formed by etching Tungsten films ͑about 30 nm thick͒ deposited on top of a SiN x membrane ͑about 150 nm thick͒ supported by a massive Si grillage.
1 The function of the heavy metal film is to scatter the incident beam electrons to angles large enough to be stopped by the back-focal plane aperture. 1 The contrast of a SCALPEL mask with a single-layer scatterer on top of a membrane is simply defined by the equation 1, 26 Cϭ1ϪT scat ϭ1Ϫexp͑Ϫt scat /⌳ scat ͒, ͑20͒
which represents the difference of electron transmissions through the membrane, T mem ͓Eq. ͑19͔͒, and through the double layer ͑scatterer plus membrane͒, T scat T mem , normalized to T mem . In further discussions, we will use the following notations: ⌳ mem ϵ⌳ mem⌺ (␣ 0 ) and ⌳ scat ϵ⌳ scat⌺ (␣ 0 ) for the effective mean free path of electrons in the film and in the scatterer, respectively; t mem and t scat for the thickness of the membrane and the scatterer correspondingly. According to Eq. ͑20͒, the contrast is solely defined by the scatterer material and thickness and does not depend on the supporting membrane characteristics. To calculate the contrast for a mask with a multilayer scatterer, it is necessary to make the following replacement:
where t scat-j is the thickness of the jth layer and ⌳ scat-j is the electron effective mean free path in the jth layer.
V. RESULTS AND CONCLUSION
The electron scattering characteristics for different materials calculated for the case Eϭ100 keV using different approaches are summarized in Table I . Note that the corrected total cross section of elastic scattering is smaller than the results predicted by the empirical or the Lenz's formula. This noticeable difference is the result of the combined effect of adjustment for atomic potential, for plurality of scattering events, and for densely packed atoms on real solid samples. The correction factor is chosen to get the best match of calculated transmission coefficient, T, and contrast, C, with our TEM 1 ͑Fig. 2͒ and SPOL measurement results ͑Table II͒. In Fig. 2 the dependence of the contrast and transmission of SCALPEL mask is displayed as a function of BFP aperture size for two different membrane/scatterer combinations. One can see that the inelastic scattering effect is localized in a very narrow range of small angles which is less than the convergence angle of a TEM beam ͑about 1 mrad͒ used in the experiment. 1 The deviation of calculated results from the experiment gets larger for thicker samples and relatively large apertures, apparently, due to the increase of multiple scattering effect. 23 Nevertheless, the results presented in Fig.  2 show that the single-collision based simple model with empirically corrected cross sections demonstrates the capa- bility to describe the electron scattering in membrane plus scatterer type of targets for a relatively wide range of aperture size change.
Using electron mean free paths in different materials ͑the last column in Table I͒ , the values for T and C were calculated from Eqs. ͑19͒ and ͑20͒ for a SCALPEL mask with different membrane and scatterer materials and their combinations. The results are shown in Fig. 3 . The plots presented in Fig. 3͑a͒ show that the transmission variation for membranes of given thickness made of different light atoms and their compounds is relatively small. This indicates that the electron transmission is insensitive to even large changes in the concentration of the individual components. For instance, any change in the concentration of Si in the membrane made of its compounds (Si 2 N 4 , SiC, SiO 2 ͒ to increase membrane conductivity will not affect the membrane transparency noticeably. Si 2 N 4 , SiC, and diamond films provide the least transmission. Silicon and quartz demonstrate moderate transparency to 100 keV electrons. As one could expect, a carbon membrane provides the highest electron transmission. For instance, the electron transparency of a carbon membrane of 1000 Å thickness is about 60% higher than the transparency of a silicon nitride film of the same thickness ͑equal to 15%͒. From Fig. 3͑a͒ it is also seen, that up to 50 Å thickness, any residual Cr layer on top of a membrane will decrease its transparency not more than 13%. Figure 3͑b͒ displays the contrast calculated for different scatterers as a function of the film thickness. The plots corresponding to the light atoms and their compounds show that they are ineffective scatterers compared to high Z materials. Nevertheless, over 90% contrast, in principle, can be achieved with Si 2 N 4 , SiC, SiO 2 , or Si films as thick as 1500 Å. Several issues related to the scatterer thickness increase, such as deposition and etching of thick films, formation of high aspect ratio features with vertical walls, electron energy losses and related mask heating, energy spread of electrons scattered into the back focal aperture, etc., has to be addressed in order to understand the feasibility of using light compounds as scatterers for the SCALPEL mask.
The scatterer thickness can be reduced by using bilayers consisting of light and heavy atoms and their compounds used in the semiconductor processing ͑e.g., Cr, W, TaSi 2 , etc.͒. Another advantage of the usage of bilayer scatterers is the possibility of stress reduction by an appropriate combination of scattering layers thicknesses and materials. Figure  4 is an example displaying the relationship between the thickness of the major, W, and the thickness of an additional, Cr, scattering layer that provides a desired level of contrast. The slopes of the lines are defined by the ratio of the electron mean free paths in the individual scattering layers, ⌳ W /⌳ Cr .
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